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FIG. 1. A grey-scale rendering of the entropy distribution at the end of the simulation, about
50 milliseconds into the explosion. Note tl}e pronounced pole-to—pole asymmetry in the ejecta
and the velocity field (as depicted with the velocity vectors). The physical scale is 2000 km_from
the center to the edge. Darker color indicates lower entropy and 6 = 0 on the bulge side of the

symmetry axis.
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Equations of Radiation MHD (Mihalas & Mihalas 1984 and Stone, Norman,
& Mihalas 1992)

dp
E-FV( pv) =0

p(%—?%—v-Vv) —Vp+pg+ (VxB)xB+ 'OF

gﬁ: +v-Vu+yuV -v = K;Jch — /<;p,ocaT4
4
%—f—l—v-VEJrgEV-V:—V*F—KJPCEﬂLKPPCCLTg
F=__°" VE
3KFp
%]?—VX(VXB)
V-B=0

For optically thick v-diffusion in a Proto Neutron Star,
ke=>v+N<=N +4
and kr = K. + Kk, Where
Kse=>V+Ns=v+ N
and
F— Y F,

species
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Standard local linear analysis (WKB). Very simple,'but addresses
the basic physics (Blaes & Socrates 2003, ApJ in press).

Q—Q+0Q

where
5Q o ei(k-x—wt)
thus

V — 1k and 2—>—z'cu
ot
* For A << H, modes with V - v # 0 can be driven unstable by the
presence of an equilibrium F'.

—

* Magnetosonic modes (Fast & Slow) are therefore susceptible to
overstability.

Nature of the unstable modes along with respective instability
criteria are determined by 3 characteristic frequencies:
k’c

Waig ~ —— (DIFFUSION)
KFp

Wq ~~ ’Uphk (DYNAMICAL)

E
wi, ~ —kgpe  (THERMAL)
p



for PNSs, driving is maximal when

Waiff >> wq and wyy >> wy
= 0p+0F/3 ~ !pi(sp + 56T + 4EsT

occurs ~ NEUTRINOSPHERE
where ~ 1, — 0

Instability criteria:

1m0 (50" AE) | (st fsion) > 0
AE =6E+¢-VE

—3z'/<;p,0[(4E Jw k-F} 0p
0F ~ —
C 3 TP k2 k2 | p

sSince
op/p~—i(k-§) and VFE=—3kpp/c)F
driving occurs. if

kx&£0 and k- & £0
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Driving terms from AF
k-¢k-VE

ABgy ~§-VE — 1.2

For fast/slow modes

gfast/slow =ak+ 0B
= Overstability.

(rough) INSTABILITY CRITERIA
F > [p + E] r&ph |
Largest growth rates — NEUTRINOSPHERE

Conditions at neutrinosphere:
32/877 <p and E<p

Slow mode GROWTH RATE (¢y >~ 3 X 107)

(Y _
Imfw] = “AL ~ 30 x g13 Biy pia /s

Cg Cg
initial amplitudes from convection ~ 0.01 — 0.1
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Growth rate versus wavenumber for waves traveling 56 degrees above the horizontal.
Growth rates are plotted in units of the orbital angular frequency. Wavenumbers are
plotted in units of two pi on the Schwarzschild radius. Heavy curves show predictions
of the WKB analysis at domain bottom (dotted), center (solid), and top (dashed).
Vertical lines indicate wavenumbers corresponding to the gas pressure scale height
g/ cg at the same three locations. Squares and crosses show growth rates measured in
radiation MHD calculations. Vertical line at left marks wavenumber corresponding to
domain height.
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Photon bubble instability in a radiation pressure supported black hole accretion disk.
Colors depict values of §p/p. The color scale is lmea.r between minimum (blue and
black) and maximum (red and white). The ratios ¢, * vy4 : tcg=10:3: 1 Equilibrium
magentic field is purely horizontal.
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Beginning of full non-linear development. §p/p ~ 102 and 6F/F ~ O(1). Most of
the mass is concentrated within a relatively small volume. Radiation tends to escape
through the rarified regions. ~
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